Thermal resistance can be increased by using proper heat insulation materials. Traditional heat insulation materials do not stand all desired properties. Thus, developing new heat insulation materials is very important. In this study, expanded perlite based heat insulation material was developed as an alternative to the traditional insulation materials. The composition of the developed material was designed and prepared using the theoretical thermal conductivity prediction models. The prepared material was molded in a rectangular shape panel. Thermal conductivities of panels were measured experimentally and the results were compared with the calculated results. Also, the results showed that the developed panels can be used for heat insulation applications. On the other hand, the closest model to the experimental results is the parallel model whose average deviation is 4.22% while the farthest model is the Cheng and Vachon model whose average deviation is 12.43%. It is obtained that parallel and series models are generally in good agreement with the experimental results. Nevertheless, it is seen some deviations between experimental and theoretical calculation results. The theoretical prediction models do not include any processing conditions such as molding and curing. It is thought that these deviations have originated because of the missing processing parameters in theoretical prediction models. As a result of experimental studies, the lowest thermal conductivity value of expanded perlite based panels was obtained 43.5 mW/m.K. Consequently, the heat transfer coefficient of the panels containing expanded perlite can be calculated nearly by the parallel method.
INTRODUCTION
It is clear that reducing the total energy losses from buildings has a big influence on total greenhouse gas emissions. Thermal insulation of buildings does not only conserve the energy and environment, but also insulates the sound, protects against the fire and decreases the energy costs. Traditional heat insulation materials are used in thicker or multiple layers, which resulted in more complex building details, an adverse net to gross floor area and possible heavier load bearing constructions [1] . Therefore, development of the new technologies and materials are gaining importance.
Perlite is one of the best natural insulation materials. It is obtained from pumice, which is a glassy form of rhyolitic or dacitic magma. It contains 2-5% water [2] and it can be expanded for micro porous cellular structure formation. The expansion is occurred due to the heating of existing water in perlite at about 649-816°C [3] . Also, expanded perlite has some superior properties such as low density, low thermal conductivity, good chemical stability, non-flammable, sound absorbsion and non-toxic [4] . Thermal properties of expanded perlite show that it can be used as thermal insulation materials [5] .
In addition, perlite can be used as an additive in various mixtures or as a main component for composite e.g. materials for blocks, perlite/sodium silicate boards, roof insulation panels made of perlite material, fiber reinforced perlite composites, building boards made of fiber/asphalt coated perlite, fiber reinforced sodium silicate/perlite composite band light weight concrete [6] . However, their applications as the main constituent of composites have been limited due to relatively poor mechanical properties; large absorption and the low strength [3] . The new process appears to be capable of extending the limitation of perlite applications, allowing to manufacture samples for exploring novel mechanical behavior of consolidated expanded perlite particles [7] . Also, it is non-combustible, water-resistant and sufficiently inexpensive for developing building materials. The conventional perlite insulation board is made of an aqueous slurry of expanded perlite particles, binder, and additives (fibers, waterproofing agents, fire retardant, etc.), that is formed into a board by a Fourdrinier process and subsequently dried. Another type of board production is suggested, with mixing expanded perlite particles and sodium or sodium-potassium silicate, pressing the mixture in a mold and drying the pressed board. Conventional and microwave techniques are possible for drying such a board [8] .
There are some studies about heat insulation material. Al-Homoud investigated performance properties and practical applications of common building thermal insulation materials. Also, an overview of the basic principles of thermal insulation and to survey the most commonly used building insulation materials, their performance properties and proper applications were presented. As a result, the proper use of thermal insulation in buildings does not only contribute in reducing the required air-conditioning system size but also in reducing the annual energy cost [9] .
Papadopoulos studied new thermal insulation materials aiming for future developments. Differences between various types of insulation materials are investigated. Also, comparative evaluation of state of art insulation material with respect to their physical properties, health and environmental properties, applicability in specific building elements and structural problems, and their cost have been done. The author indicates that the thermal properties of the materials have not improved significantly of the last decade, but a series of other features, like reaction to fire and moisture or mechanical properties have improved [10] .
Kylili and Fokaides investigated methodologies for selection of thermal insulation materials for costeffective, sustainable, and energy-efficient retrofitting. This paper gives comprehensive information in the field of thermal insulation materials. The study showed that the definition of suitable thermal insulation materials for energy conservation of buildings should reveal both environmental and economic approaches. Environmental and economic conditions are important factors for thermal insulation materials [11] .
Pargana et al. evaluated the environmental impacts and the consumption of renewable and non-renewable primary energy on the production of conventional thermal insulation materials: extruded and expanded polystyrene, polyurethane, expanded cork agglomerate and expanded clay lightweight aggregates [12] .
According to literature studies, it is seen that by using expanded perlite in thermal insulation material, it is possible to produce a material capable of responding to the desired characteristics in the industry. For this reason, many researchers have worked on this field and are still working on it. Especially, there are some researches that focused on utilization of expanded perlite to improve thermal properties of materials. Taherishargh et al. studied thermally treated expanded perlite-aluminum synthetic mechanical properties, and deformation behavior. The effect on the mechanical properties of heat-treated is greater specimens than untreated specimens. As a result, heat treated foams were deformed more homogeneous and small density increase in heat treated sample has significantly increased the strength [13] .
Arifuzzaman and Kim studied expanded perlite based insulation material and investigated experimentally their properties. Sodium silicate was used as binder. Authors emphasized that depending on the increasing of compression pressure, the density increased and density of the panel was not depending on the size of the expanded perlite grain [3] .
Binici and Kalaycı produced perlite based heat insulating material. The usability of expanded perlite as a heat insulating material was investigated. The thermal conductivity of produced samples was determined. According to results, as the ratio of expanded perlite increases, specific bulk density decreases. As the ratio of air in the concrete increases and as a result of this, thermal conductivity values decrease. The thermal conductivity of expanded perlite -based material was found between the 61.8 -189 mW/m.K [14] .
Argunhan et al. investigated of the thermal and acoustic performance of perlite based building materials. Turkey where holds a large portion perlite reserves in the world. So, using of perlite in insulation sector, which has advantages in terms of heat and sound insulation, will make an important contribution to the national economy. Normal aggregates replaced by expanded perlite aggregates at different volume fractions such as 10%, 20%, 30%, 40%, 50% and 60% of the total aggregate volume. Mechanical and thermal tests were all conducted and the hot disk method was used to establish thermal property values of concrete samples. The results of the experimental studies show that the compressive strength and density decreases, the heat and sound insulation features improved by increasing in perlite content. In addition, it is determined that the thermal conductivity coefficient of the sample produced using normal aggregate is 2075 mW/m.K and the thermal conductivity coefficient of the sample produced by using 60% expanded perlite aggregate is 520 mW/m.K, which is inversely proportional to the aggregate ratio and thermal conductivity coefficient [15] .
Topçu and Işıkdağ studied concrete properties by adding expanded perlite. They focused on the extracellular and exchange rates of cement types containing expanded perlite aggregates. When more expanded perlite aggregate was used, the strength was reduced and the material properties were getting better. The compressive strength, tensile splitting strength, and dynamic elastic modulus increased with increasing dosage [16] .
Demirboğa and Gül studied thermal conductivity and compressive strength of expanded perlite aggregate concrete with mineral admixtures. They studied the influence of two admixtures on expanded perlite aggregate concrete. Both silica fume and fly ash were added as replacement for cement by decreasing the cement weights in the ratios of 10, 20 and 30% by weight. The obtained results showed that, the thermal conductivity decreased with the increase of silica fume and fly ash as replacement for Portland cement up to 14 and 18%, respectively. The results showed that the lowest value of thermal conductivity of sample is 155.3 mW/m.K [17] .
Çelik et al. investigated on the usability of the expanded perlite aggregate in the manufacturing of building materials. While the sample was prepared, the most effective values for sample production were determined by changing the design parameters such as compression pressure, cured temperature, curing time. As a result of this study, the lowest unit weight of the samples with a water/solid ratio of 1.0, produced at 50 bar pressure and cured at 200 °C for 1 hour, had a weight of 522.5 ± 48.3 kg/m 3 and a maximum compressive strength of 2 MPa. It has been seen that scientific studies on the production of building materials with high strength and low unit weight values can be made by using different binders in the following stages [18] .
Also, some researchers investigated binders. Vaou and Panias studied ability of geopolymerization technology for production of thermal insulating foamy inorganic polymers utilizing as solid raw material ultrafine perlite which is a by-product from comminution and sizing operations of perlite exploitation. The effect of addition of the blowing agent on the thermophysical properties of thermal insulating materials was studied and these properties are compared with the ones of the commercial thermal insulating materials indicating the high potentiality for the development of this new family of inorganic polymeric materials. Produced from non-expanded perlite foamy geopolymers proved to be very good thermal insulating materials.In comparison with the commercial organic (expanded and extruded polystyrene) and inorganic (glass and stone wool) thermal insulating materials, the foamy geopolymers from perlite have almost similar thermal conductivity (300 mW/m.K) and superior compressive strength (780 kPa at 2% deformation) and a fracture behavior resembling the one of rocks [19] .
Gharzouni et al. studied the effect of the reactivity of alkaline solution and metakaolin on geopolymer formation. They prepared mixtures using two different alkali solutions and 4 different types of metakaolin. The alkali solution was formed by dissolving potassium hydroxide and amorphous silica in water. It has been observed that the solution using potassium silicate and potassium hydroxide gave higher mechanical properties than the solution using sodium silicate and sodium hydroxide [20] .
Ikeda investigated consolidation of mineral powders for the use of materials with geopolymer binder technology. These materials are raw materials, inactive filler and geopolymer solution. The raw materials are needed to dissolve during plasticizing when sodium silicate solution is used as a binder and alkali hydroxide solution is used as an alkali activator. [21] .
Shastri and Kim studied new building material for the consolidation of starch binder-expanded perlite particles. Produced perlite foams strength and the pressure modulus were compared to the gypsum for foam density. When using perlite foam produced with foamed gypsum, it was observed that the compressive strengths were compatible with 0.3 relative density [22] .
Curing conditions are one of the important parameters to achieve desired properties such as binding, researches focused on different curing methods for expanded perlite-based heat insulation panels.
Astutiningsih et al. produced a geopolymer with a high content of CaO (41%) from Australia slag at 60°C for 24 hours. According to the results, the compressive strength of geopolymer samples did not exceed 30 MPa. Pressure constants of the geopolymers increased with decreasing water content in the sodium silicate solution [23] .
Tian et al. studied the effect of pressing pressure and curing temperature on mechanical properties of expanded perlite-based thermal insulation boards. They indicate that 0.38 MPa of pressing pressure and 105°C temperature is suitable for expanded perlite-based thermal insulation boards [24] .
Skubic et al. simulated the curing temperature of the insulation panels made of expanded perlite with a mathematical model. Then experimental results and simulated values were compared. The shrinkage of the heat-treated panels was occurred. Thermal conductivity coefficient of the expanded perlite was calculated as 45 mW/m.K. As the sodium silicate ratio decreased, the curing temperature increased [25] .
Skubic et al. studied the microwave drying of expanded perlite based insulation panels. It is very difficult and long to dry a material with heat insulation properties by conventional methods. The microwave penetrates into the product and provides quick drying. Microwave drying has been found to be a suitable drying method for expanded perlite based insulation panels. As a result, if the drying process is not terminated at the right time, the product temperature will increase rapidly and the product will be damaged [8] .
As it is seen from literature, the studies which are related to insulation panels based expanded perlite are focused on consolidation properties, binders and curing conditions generally. However, there are several studies about how to use expanded perlite as insulation panel and how to reduce thermal conductivity of expanded perlite. In investigated studies, it is seen that the lowest thermal conductivity value was 45 mW/m.K.
In this study, alternative to the traditional insulation materials, expanded perlite based heat insulation panels were developed. Also, thermal conductivity of expanded perlite panel was measured experimentally and the results were compared with the calculated results.
MATERIAL AND METHODS
The manufacturing procedure of expanded perlite based thermal insulation material was given in Figure  1 .
The total reserve in the world is 7.700 million tones and 5.700 million tones (74%) of it are in Turkey [26] . In the first stage, expanded perlite was supplied from various areas of Turkey. However, it has been determined that despite the inhomogeneous composition of expanded perlite from region to region, there are small differences in terms of thermal conductivity. Therefore, suitable expanded perlite in terms of thermal conductivity was used to obtain the desired physical and chemical properties. Its chemical and physical properties were given in Table 1 and Table 2 .
In the second stage, the mortar has been prepared using Na2SiO3-5H2O and NaOH mixture as a binder. Mixing proportions were determined by considering literature studies. To obtain better binder mixture, vol.4-12% Na2SiO3-5H2O and NaOH solution (8-14M) was prepared and mixed by laboratory mixer for 20 minutes. Mixing has been continued for a further 10 minutes after adding hydrogen peroxide (H2O2) to obtain the final binder mixture. Expanded perlite and binder were mixed together by the aid of mechanical mixer throughout 10 mins and the mortar was obtained (Figure 2) .
The prepared mortar was poured into the mold to a height of 100 mm (500x300x100 mm) and compressed to an ultimate panel thickness of 50 mm (500x300x50 mm) by the hydraulic press (Figures 3-4) . The sample was held for 3 minutes under constant press force (2500N). Finally, the test sample was obtained in 300x300x50 millimeters dimensions by cutting the molded panel. The obtained sample was cured at 105 o C in a drying oven during 14 hours ( Figure 5 ). The drying oven properties were given in Table 3 . Before and after molding and curing operations, the first and the latest mass of sample was measured. The cured sample was allowed to cool at room temperature (25 o C) for 3 hours. After the curing step was completed, the sample was ready to measure the thermal conductivity. Thermal conductivity of cooled sample was measured by HFM 300 device ( Figure 6 ). The properties of thermal conductivity testing device were given in Table 4 . The processing stages of the heat insulation panel were completed and results were compared with theoretical models.
THE PREDICTION OF THERMAL CONDUCTIVITY
Thermal conductivity is the most important property of heat insulation materials; however, because of the measuring limitations, difficulties during sample preparations and additional costs, measuring is not preferred way for thermal conductivity. There are many models available to predict thermal conductivity of composite materials theoretically. Some of them are series and parallel, geometric mean, Maxwell, Cheng and Vachon, Lewis and Nielse models. Some of these models just include the volumetric ratio and the thermal conductivity of composite components to predict thermal conductivity. Theoretical calculations were performed for all of these models, but series model, parallel model, and geometric mean model give more accurate results for perlite based heat insulation panel.
Series and Parallel models: These models are the simplest methods to predict the thermal conductivity of composite materials. These models were given as bellow [27] (1) ( ) = ( . ) + ( . ) (2) ks, kd, Vd and ε are thermal conductivity of matrix, thermal conductivity of fiber, volumetric ratio of matrix and volumetric ratio of fiber respectively.
Geometric Mean model:
In this model the volumetric ratio and thermal conductivity of components used to predict the thermal conductivity [28, 29] .
Maxwell Model
Maxwell obtained a simple relationship [30] for the effective thermal conductivity of homogeneous spheres randomly distributed and non-interacting in a homogeneous environment:
Here, Vd is the volumetric ratio of the dispersed phase and can be expressed as (1-ε) . This model predicts the effective thermal conductivity very well at low dispersion fill phases. However, in materials with highconcentration filler phases, the filler particles form transmission chains either in contact with each other or in the direction of heat flow. Therefore, it is seen that this model predicts low effective thermal conductivity. It is stated that one of the two components of this model can yield reliable results when the porosity is not more than 0.25 and the thermal conductivity rate (kd/ks) is not more than 10 [31] . It identifies Maxwell model with j parameter [32] . Here, Maxwell-Hamilton model is given by putting (j-1) coefficient instead of 2 in Maxwell model. There is also a modified Maxwell model, which is available among flexible models. In this case, the Maxwell model uses the [2 / (1 -j2)] coefficient instead of 2 [33, 34] . Although it is the empirical parameter, j is a measure of the nature of the heat transfer paths in the material. This model is a suitable model for materials with infrequent distributions. This model has been investigated for differently distributed phase shapes and the corresponding effective thermal conductivity results have been obtained at high ratios of sphere-like filler phases [35] .
The Maxwell -Eucken model, among similar models, is one of the well-known models. There are two forms of this model. These are Maxwell-Eucken equations 1 and 2. Here is Maxwell -Eucken 2 model;
ks and kd are the thermal conductivities of the continuous and the dispersed phase, respectively. The MaxwellEucken 1 equation is given as the lower limit of isotropic external porous materials and Maxwell-Eucken 2 model is defined as the upper limit for isotropic inner pore materials [36] .
Nielsen Model
According to the Nielsen model, the thermal conductivity of a porous material is related to the thermal conductivity of the continuous medium and the filler phase (ks and kd) [37] .
Here, parameters B and C are shown as follows:
VM is the maximum packing rate of the fill phase. w is a dimensional shape factor depending on the geometry of the filler particles. The w parameter is considered to be related to the generalized Einstein coefficient (w = k.E -1). The w value is given as 2 and 0.5 for some particles [38] .
Cheng and Vachon Model Cheng and Vachon are discontinuous phases with a parabolic distribution of additive material. In two different composite materials, the additive is expressed in closed form depending on the volumetric ratio of the material [39] . ks > kd → 
In both equations, C1 and C2 are as follows:
Uncertainty analysis
Errors and uncertainties depend on many factors. These are instrument selection, test conditions-planning, calibration, reading, and connection type-points of measurement probes. Uncertainty analysis is an effective method to evaluate the experimental results. Total uncertainty values are calculated using the following equation [40] 
After the experiment, uncertainty analysis is performed to determine the error rates of the experimental data. Thermal conductivity values of samples were measured by HFM 300 device (accuracy ±1-3%).
RESULTS AND DISCUSSION
At the beginning of the study, various commercial expanded perlite types from the different regions were supplied. Then thermal conductivities of each one were measured. After that, the species with lowest thermal conductivity was used to prepare sample panels in this study. Figure 7 shows the experimental and thermal conductivity prediction model results for thermal conductivity of panels which prepared from three various expanded perlites.
The molded samples without binder were tested to determine and choose the most appropriate theoretical thermal conductivity prediction model. Test results were given in Figures 7-8 . More accurate results were obtained when the series, parallel theoretical prediction models used for calculations. After this stage, the prepared panel mortars with binder were molded. Then the molded panels were cured. After the curing process, thermal conductivity of samples was measured. The cured panel is shown in the Figure 9 . The measured and theoretical results were given in Table 5 . It is known that the composition of binder, molding force and expanded perlite properties affect the values of thermal conductivity. However, the theoretical prediction models do not include any parameter/coefficient to represent the effect of processing condition such as curing and molding conditions. Therefore, differences were observed between the thermal conductivity prediction model results and experimentally measured thermal conductivity results. For this reason, new theoretical thermal conductivity prediction models should be developed by considering the other effective parameters.
For the values of the thermal conductivity measured in the experimental study, uncertainty values were calculated between the ±1.141% and ± 3.162 %using Eq. (13) . These uncertainty ranges are in an acceptable level.
Obtained 
CONCLUSION
This study focused on numerical and experimental investigation of expanded perlite based heat insulation panels. It can be concluded that;
Five different theoretical thermal conductivity prediction models were used in this study. Generally, a good agreement was observed between the experimentally measured thermal conductivity results and the theoretical thermal conductivity prediction model results. This result showed that the theoretical prediction models can be used in preparation of the mortar before manufacturing stage.
The lowest thermal conductivity value of heat insulation panels was obtained experimentally for sample 4 mixture (vol.94-96% E.P+ vol.4-6% binder). The value is 43.5 mW/m.K. Developed panel can be used in heat insulation applications.
As a results of theoretical prediction models, the closest model to the experimental results is the parallel model whose average deviation is 4.22% while the farthest model is the Cheng and Vachon model whose average deviation is 12.43%. As a result, the thermal conductivity of the panels containing expanded perlite can be calculated by the parallel method.
However, the use of these models in different mixtures and materials should be investigated in future studies.
On the other hand, new thermal conductivity prediction model/models which do not neglect processing conditions could be improved.
Finally, next studies should be done by considering these parameters (like curing conditions, pressing force) and the thermal conductivity of the heat insulation panels could be determined without wasting materials.
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NOMENCLATURE

Kd
Thermal conductivity of composite (W/m.K) ks Thermal conductivity of matrix (W/m.K) kd Thermal conductivity of fiber (W/m.K) Vd
TVolumetric ratio of matrix R The function uncertainty VM Maximum packing rate of the fill phase w Dimensional shape factor WR The total uncertainty, % w1, w2, wn
The uncertainties in the independent variables x Independent variables ε Volumetric ratio of fiber C Ratio of the phase
